We present the most extensive sample of 45 type I (short) and 275 type II (long) gamma-ray bursts (GRB) with known redshift to investigate the correlation between the rest frame peak energy, E p,i and the total isotropic equivalent energy, E iso of the prompt emission (Amati relation). The E p,i -E iso correlation for type I bursts is found to be well-distinguished from the one constructed for type II bursts and has a similar power-law index value, E p,i ∼ E 0.4 iso , which possibly indicates the same emission mechanism of both GRB types. We show that the initial pulse complex (IPC) of type I bursts with an extended emission and regular type I bursts follow the same correlation. We obtain similar results for type II bursts associated with Ic supernovae and for regular type II bursts.
INTRODUCTION
Two classes of gamma-ray bursts (GRB) were discovered in a series of KONUS experiments forty years ago (Mazets et al. 1981) and later confirmed in the Phebus/GRANAT experiment (Dezalay et al. 1992) . The classification scheme based on the bimodal nature of the duration distribution with the separation at T 90 ∼ 2 s was proposed in the BATSE/CGRO experiment, where T 90 parameter (time interval with integrated counts raise from 5% to 95%) was introduced (Kouveliotou et al. 1993) . Type I (short) bursts were also found to have a harder energy spectrum (e.g., in terms of a hardness ratio -the ratio of energy fluxes in different energy bands) and less distinct spectral evolution (lag) comparing with type II (long) ones (Kouveliotou et al. 1993; Norris et al. 2005; Minaev et al. 2010a Minaev et al. ,b, 2012 Minaev et al. , 2014 .
T 90 and hardness ratio distributions, used for the classi-E-mail: minaevp@mail.ru fication of GRBs traditionally, are overlapped significantly. It makes the problem of correct blind classification still very actual, especially in the new era of gravitational wave astronomy. The one and only confirmed gamma-ray burst for the moment, associated with gravitational waves, GRB 170817, is placed in the middle of the overlap region (Abbott et al. 2017a,b; Goldstein et al. 2017; Pozanenko et al. 2018) .
Moreover, T 90 parameter is highly affected by the number of selection effects. Firstly, it depends on an energy range used for the calculation: a pulse narrowing with an energy follows a power-law with the index of ∼ -0.4 (e.g. Fenimore et al. 1995; Minaev et al. 2010b ). The energy range used for T 90 calculation varies with experiments: (15, 150) keV range is typical for Swift, (10, 1000) keV -for Fermi, and (80, 1200) keV -for Konus-Wind. The pulse narrowing with the energy leads to shifting of T 90 separation line, used for a blind classification, with energy range (Minaev et al. 2010b) . Additionally, T 90 depends on the detector sensitivity and, in particular, on background variations (brighter events with a stable background are longer). Next, the observed duration depends on redshift of the source T 90 = T 90,i (1 + z), where T 90,i is the intrinsic (rest-frame) duration. Finally, the energy range used for T 90 calculation is shifted to lower energies from the one in the rest frame. All these effects make an estimation of the "true" (not biased) T 90,i value virtually impossible. Therefore, T 90,i values should be used in the analysis with caution, meaning the classification of GRBs based only on their duration is unreliable.
Apart from the duration and spectral hardness, the spectral lag, a parameter characterizing the spectral evolution, was used to classify GRBs: type I bursts have negligible lags while larger positive spectral lags are characteristic of type II GRBs (e.g. Yi et al. 2006; Norris & Bonnell 2006; Zhang et al. 2006; Minaev et al. 2012 Minaev et al. , 2014 . An empirical correlation of the lag on luminosity has been detected for the class of type II GRBs (e.g. Norris et al. 2000; Norris 2002; Gehrels et al. 2006; Schaefer 2007; Hakkila et al. 2008; Ukwatta et al. 2012; Bernardini et al. 2015) . Hakkila & Preece (2011); Minaev et al. (2014) showed that the observed properties of short pulses in type II GRBs with a complex multipulse structure are similar to those of type I GRBs. Minaev et al. (2014) also revealed that the lag value is strongly affected by superposition effects in multipulsed bursts: one can obtain negligible lag even for long type II GRB, if it is characterized by a complex structure of light curve. Therefore, at this stage we would ignore the spectral lags as classification indicators. More parameters useful for classification are also discussed e.g. in Donaghy et al. (2006) ; Berger (2014) . One more evident criterion can be added, the detection of kilonova emission for type I bursts (e.g. Jin et al. 2016; Yang et al. 2015; Tanaka 2016; Pozanenko et al. 2018; Pandey et al. 2019) .
The correct classification is crucial for understanding GRB progenitors. Type I bursts are associated with a merger of compact binaries, consisted of two neutron stars (Blinnikov et al. 1984; Paczynski 1986; Meszaros & Rees 1992; Rosswog & Ramirez-Ruiz 2003) , which was recently confirmed by the gravitational wave experiments LIGO-Virgo for GRB 170817A (Abbott et al. 2017a,b; Goldstein et al. 2017; Savchenko et al. 2017; Pozanenko et al. 2018) . Several type I bursts are also accompanied by an additional component with a duration of tens of seconds and a soft energy spectrum -the extended emission (EE), which was detected both in the light curves of several individual events and in the averaged light curve of a group of events (Lazzati et al. 2001; Connaughton 2002; Montanari et al. 2005; Gehrels et al. 2006; Minaev et al. 2010a,b; Norris et al. 2010) . The nature of the extended emission is still unclear, it could be related to an activity of a magnetar formed in a merger process (Metzger et al. 2008) , beginning of an afterglow (Minaev et al. 2010a) , fallback accretion (Rosswog 2007; Barkov & Pozanenko 2011; Gibson et al. 2017) . The extended emission sufficiently complicates the GRB classification, confirming that the classification based on the only T 90 value is not robust.
Type II bursts are associated with a core collapse of supermassive stars (e.g. Woosley (1993) ; Paczyński (1998) ; Mészáros (2006) ), ∼ 10 % of type II GRBs with an identified optical component and a measured redshift are also accompanied by a bright (intrinsically) Ic supernovae (e.g. Galama et al. (1998) ; Hjorth et al. (2003) ; Paczyński (1998) ; Kulka-rni et al. (1998) ; Cano et al. (2017) ; Volnova et al. (2017) ). It is unclear, whether the supernova (SN) is the common feature of all type II bursts and its non-detection is connected with only selection effects for the large sample of bursts (supernovae are harder to detect at higher redshift).
Gamma-ray bursts are characterized by a number of correlations between different observational parameters. One can mention hardness -peak flux (E pf p ) and hardness -fluence (E p -F tot ) correlations (e.g. Mallozzi et al. (1995) ; Dezalay et al. (1997) ; Lloyd et al. (2000) ), which were found in the epoch, when distances to GRB sources were not known. The hardness indicator, spectral parameter E p is the position of the extremum (maximum) of the energy spectrum νF ν . Later, when the era of optical observations with successful redshift measuring began, these correlations were transformed to intrinsic hardness -peak luminosity (E p,i -L iso ) and intrinsic hardness -total energy (E p,i -E iso ) correlations, also known as Yonetoku and Amati relations, respectively (e.g. Yonetoku et al. (2004) ; Amati et al. (2002) ). E iso (L iso ) is the isotropic equivalent total energy (peak luminosity), emitted in gamma-rays in (1, 10000) keV range, E p,i is the intrinsic peak energy, E p,i = E p (1+ z). Observed in many cases, break in afterglow light curves confirmed the jet-like non-isotropic emission behavior of GRBs and the necessity of E iso correction to estimate the collimated energy release E γ = E iso (1 − cos θ jet ) and collimated luminosity L γ = L iso (1 − cos θ jet ), where θ jet is the jet opening angle, derived from the time of the afterglow jet break. The hardness -collimation corrected energy (E p,i -E γ ) correlation was also found, known as Ghirlanda relation (e.g. Ghirlanda et al. 2004) .
We investigate the E p,i -E iso correlation (Amati relation). Previously it was analyzed mostly for type II bursts (e.g. Amati et al. 2002; Amati 2006; Tsvetkova et al. 2017) . Type I bursts were found to be outliers of the E p,i -E iso correlation for type II bursts, so the correlation could also be used for the classification of GRBs (e.g. Lü et al. 2010; Zhang et al. 2012; Qin & Chen 2013; Zhang et al. 2018b; Shahmoradi & Nemiroff 2015; Zou et al. 2018; Pozanenko et al. 2018 ). More over, in Pozanenko et al. (2019b) the Amati relation was used to estimate the E p,i value for the second LIGO/Virgo event S190425z connected with binary neutron star merger, which was observed in gamma-ray domain by SPI-ACS/INTEGRAL experiment. Hardness -fluence (E p -F tot ) correlation, constructed for GRBs with no redshift, also demonstrated bimodal nature (e.g. Ghirlanda et al. 2009 ). The sample of investigated type I bursts with measured redshift E p,i and E iso parameters was limited in most previous works by ∼ 20 events or even less (e.g. Lü et al. 2010; Qin & Chen 2013; Tsvetkova et al. 2017; Pozanenko et al. 2018) , making the behavior of the correlation for type I bursts to be unresolved. The sample of type I bursts in Zhang et al. (2018b) reached 31 events and indicated the same value of power-law index of the Amati relation for both type I and type II classes.
The nature of the E p,i -E iso correlation is unknown. In the trivial case, it could be connected with strong selection effects. One of the probable explanations considers viewing angle effects: the smaller the angle between the observer's line of sight and the jet axis is, the brighter and harder the gamma-ray emission will be. Under the assumption, the correlation is Pozanenko et al. 2018) . So the observable behavior of the correlation could reveal some features of an emission mechanism and a structure of the jet, which is substantial when comparing two types of GRB progenitors. Recently it was shown that the Yonetoku relation (the E p,i -L iso correlation) also can be explained by the viewing angle effects (Ito et al. 2019 ).
In the paper, we construct the sample of 45 type I and 275 type II gamma-ray bursts with known redshift and well constrained E p and analyze its features, including various selection effects (Section 2). We investigate the E p,i -E iso correlation for different subsamples (Section 3) and suggest the new classification method of GRBs, introducing two param-
iso,51 and E HD = E p,i,2 E −0.4 iso,51 T −0.5 90,i ), to make the blind classification of the bursts more robust (Section 4).
THE SAMPLE

The sample construction
To construct the sample of gamma-ray bursts with a measured redshift (both spectroscopic and photometric) and E p parameters we used different sources: 1. GRB catalogs of Konus/Wind (Svinkin et al. 2016a; Tsvetkova et al. 2017) , BeppoSAX (2019)); 4. GCN circulars archive 1 ; 5. Online catalog of well-localized GRBs 2 ; 6. The catalog of GRB associated supernova ); 7. The paper related to the extended emission investigation of type I GRBs .
We also derive E iso and E p,i values for 45 GRBs using spectral parameters and redshift, available in the literature. F is the burst fluence in (1, 10000) keV energy range in the rest frame and D L is the luminosity distance calculated using standard cosmological parameters, H 0 = 67.3 km s −1 Mpc −1 , Ω M = 0.315, Ω Λ = 0.685 (Planck Collaboration et al. 2014 ).
The duration of a burst in the rest frame is calculated as T 90,i = T 90 /(1+z).
The complete sample of GRBs including 45 type I and 275 type II bursts registered up to 2019, January is presented in Appendix, Table A . 3 type I bursts and 13 type II bursts have photometric redshift estimation. 11 type I bursts are characterized by an extended emission (EE) component, 40 type II bursts are associated with Ic supernova (19 photometrical and 21 spectroscopical ones). For type I+EE bursts we use T 90,i , E p,i and E iso values obtained for the initial pulse complex (IPC) only, ignoring an extended emission component, probably having a different nature. We do not perform any classification analysis at this step and use the classification results from the literature, usually obtained from the complex of different critera.
The Table 1 summarizes the statistics of the experiments used for calculation E iso and E p,i values. R parameter is defined as the ratio Type I / Total and indicates the utility of the experiment for a classification. The Konus-Wind experiment has been operated since 1994, has a good design (wide energy range, crucial for E p,i determination, in particular) and, as a consequence, it is the "leading" experiment in our sample (169 GRBs, R = 0.07). To maximize the homogeneity of the sample we use the Konus-Wind derived observational parameters in case of GRBs, registered by several experiments (e.g., also by Fermi or Swift). Swift (84 GRBs, R = 0.20) is a perfect instrument for a fast and precise localization of GRBs, which is crucial for optical observations and redshift determination; but its capability to measure the E p value is limited due to the soft and narrow energy range of the BAT instrument. Fermi (49 GRBs, R = 0.31) can not provide a precise localization, but it is excellent for the precise E p,i determination, complementing the Swift.
Features of the sample
The dependence of T 90,i , E iso and E p,i parameters on redshift for both GRB types and their subsamples is presented at Fig. 1 . The corresponding statistics is summarized in Table 2. We also form five equal subsamples of type II bursts (55 bursts each), based on z values: the z 1 subsample represents the closest bursts while the z 5 one -the most distant bursts. We use them to check the evolution of E p,i -E iso correlation with redshift (Section 3.4).
Redshift, z
Type I bursts are significantly closer than type II ones: the median values are z = 0.46 and z = 1.60, respectively. Firstly, it should be connected with selection effects. In general, optical afterglows (crucial for redshift determination) of type I bursts are fainter than ones of type II bursts, and therefore are harder to detect at high redshift (e.g. Kann et al. 2011) . Secondly, type I bursts are generated by a merger of compact components in old binary systems, which could not occur at a high redshift due to a long evolution of the system towards merging (e.g. Guetta & Piran 2005) . In our sample, the most distant type I burst is GRB 081024B with z = 3.05, the most distant type II burst is GRB 090423 with z = 8.1 (both values are not spectroscopic). Type I bursts with an extended emission (I+EE) do not differ from the regular ones in terms of redshift distribution, having similar z median values. It reveals negligible selection effects of the extended emission detection: if the extended emission is a weak component, the redshift distribution for I+EE bursts is expected to be shifted towards low redshift values. It indicates the same progenitor type for both subsamples (e.g. no difference in a merging delay), but the presence of two separate subclasses of type I bursts.
Type II bursts associated with Ic supernova (II+SN) demonstrate the opposite behavior. The redshift distribution for II+SN bursts is significantly shifted to low values comparing with regular type II bursts (median values are z = 0.55 and z = 1.90, correspondingly). The difference is obviously connected with strong selection effects: supernova signatures (photometric, and spectroscopic especially) are very difficult to reveal at large distances (z > ∼ 1) with present optical telescopes. It is confirmed by the fact that the closest type II bursts (z < ∼ 0.3) are mostly accompanied by supernovae (see Fig. 1 ), which may indicate that all type II GRBs are accompanied by Ic supernovae. The biased redshift distribution for II+SN bursts leads to significant biases in other parameter distributions (Sections 2.2.2, 2.2.3, 2.2.4).
Duration, T 90,i
The dependence of T 90,i on redshift for both GRB types is presented at the left graphs of Fig. 1 .
Type I bursts are 50 times shorter than type II ones: the median values are T 90,i = 0.27 s and T 90,i = 14.5 s, correspondingly. Four type I bursts are longer 1 s and four type II bursts are shorter 1 s, confirming high overlap of a duration distribution and its weak reliability as a blind classification method.
Our sample contains four ultralong bursts with T 90,i > 1000 s. We find no peculiarities of these bursts except the duration. The nature of ultralong GRBs and their possible separation into a different burst class are still debatable (e.g. Gendre et al. 2019) .
The lack of bursts with a duration in the interval (200, 2000) s could be connected (at least, partially) with selection effects. Long GRBs (T 90 > 200 s) are difficult to register due to background variations and due to source occultation by the Earth in experiments on low orbits (Fermi, Swift) or due to telemetry limitations (Konus-Wind). Therefore, the T 90,i distribution becomes asymmetric for type II bursts, having sharper "long" edge and well fitted by a skewed gaussian (see Section 4, equation (4) and Fig. 5 ). In addition, the rest frame duration, T 90,i = T 90 1+z decreases with redshift (shown by dotted lines at left graphs in Fig. 1 ). As a consequence, the duration of long and distant bursts is underestimated most probably due to selection effects (see the z 5 subsample of type II bursts at Fig. 1 ).
There is also a lack of relatively short (T 90,i < 4 s) type II bursts at low redshift (z < 0.4, z 1 subsample). These bursts are also fainter (E iso < 10 52 erg) and softer (E p,i < 200 keV) comparing with more distant bursts (see Fig. 1 ). In Norris et al. (2005) was shown, that long bursts with wide pulses are also fainter and softer. Therefore, the lack is possibly connected with selection effects.
All discussed selection effects can lead to a negative z -T 90,i correlation for type II bursts. We check the possible correlation using the Spearman rank-order correlation coefficient (ρ) and the associated null-hypothesis (chance) probability, or P ρ value. The null hypothesis is that no correlation exists; therefore, a small P ρ value indicates a significant correlation. We apply this method to analyze other correlations through the paper. As expected, we do not detect the correlation for type I bursts (ρ = -0.006, P ρ = 0.97), but find the negative correlation for type II bursts (ρ = -0.21, P ρ = 5.2 × 10 −4 ). The result is also confirmed by a slight decreasing of median T 90,i values with increasing of z for z 1z 5 type II bursts subsamples (see Table 2 ).
I+EE bursts are longer than regular type I bursts: median values are T 90,i = 0.58 s and T 90,i = 0.25 s, correspondingly. Most (four of five) type I bursts, having T 90,i > 1 s, are from type I+EE subsample. It possibly confirms the definition of I+EE bursts as a separate subclass of type I bursts. As one of the possible scenarios, a merging of neutron stars under some circumstances (affecting also prompt emission properties) could result in the forming of magnetar, responsible for an extended emission component (e.g. Metzger et al. 2008) .
As was shown earlier, a subsample of II+SN bursts is affected by strong selection effects. II+SN bursts, representing mostly the closest z 1 subsample, are longer than regular type II bursts, as a consequence: median values are T 90,i = 23.8 s and T 90,i = 13.6 s, correspondingly. Nevertheless, they cover a whole range of T 90,i values for type II bursts, confirming the suggestion, that they do not differ from regular type II bursts, meaning all type II bursts are accompanied by SN Ic.
Total isotropic equivalent energy release, E iso
Type I bursts are 100 times fainter than type II bursts: median values are E iso = 6.8 × 10 50 erg and E iso = 1.0 × 10 53 erg, correspondingly.
The dependence of E iso on redshift for both GRB types is presented in the middle graphs of Fig. 1 . The dependence is highly affected by selection effects for both GRB types. Dotted curves at Fig. 1 show the E iso (z) dependence for a fixed fluence F, representing a sensitivity of a gamma-ray detector to triggering a burst. As a consequence, we can detect weak bursts only at low redshift: the bottom-right side of the z -E iso diagram is empty due to selection effects.
One can see also at Fig. 1 the increasing of the number of bright bursts with increasing of a redshift for both GRB types. It can be explained by the non-flat luminosity function for GRBs: bright bursts are more rare, than weak ones.
All these selection effects lead to a significant positive z -E iso correlation for both GRB types: ρ = 0.69 and P ρ = 1.6 × 10 −7 for type I bursts, ρ = 0.46 and P ρ = 1.9 × 10 −15 for type II bursts. It is also supported by median values of z 1z 5 subsamples (see Table 2 ).
I+EE bursts are brighter than regular ones in terms of median values (E iso = 3.2 × 10 51 erg and E iso = 0.57 × 10 51 erg, correspondingly), but they are not concentrated to the top of the E iso distribution and cover a whole range of observable E iso values of type I bursts. Therefore, we cannot draw a definitive conclusion about their difference in E iso from regular type I bursts. It could be accidental.
II+SN bursts are significantly fainter than regular type II bursts in terms of median values: E iso = 9.0 × 10 51 erg and E iso = 1.22 × 10 53 erg, correspondingly. It could be explained by the selection effects, described above (Section 2.2.1). The covering of the whole range of E iso distribution by them supports the suggestion.
The position of the extremum (maximum) in νF
The dependence of E p,i on redshift for both GRB types is presented in the right graphs of Fig. 1 . Type I bursts are 1.5 times harder (E p,i = 706 keV vs E p,i = 446 keV), than type II bursts. The behavior of all subsamples on z -E p,i diagram is analogous to their behavior on z -E iso diagram. It could be explained by the presence of the E p,i -E iso correlation. We find significant positive z -E p,i correlation for type II bursts (ρ = 0.40 and P ρ = 3.7 × 10 −12 ) and the weak positive correlation for type I bursts (ρ = 0.52 and P ρ = 2.4 × 10 −4 ).
A possible selection effect at the z -E p,i diagram is connected with a limited working energy range of gammaray detectors. If E p,i is placed outside the range, it could not be determined. A typical value of a lower energy range bound of modern detectors is ∼ 10 keV. The corresponding trajectory E p,i = E p (1 + z) is shown by the dotted curve at top right graph in Fig. 1 . At high redshift (z = 5) it becomes E p,i = 60 keV, while the minimal observed value is ∼ 5 times larger (type II bursts sample). It means the possible selection effect of the detector lower energy range bound is minimal. The situation with the upper energy bound is more complicated, because the E p,i determination depends also on count statistics, which is low at high energies due to the hard intrinsic GRB energy spectrum and due to decreasing of the effective area of detectors. The influence of this effect needs detailed investigation, which is beyond the scope of the paper. Here, we suppose this effect to be small and consider the evolution of E p,i with redshift to be real, suggesting the connection of observable z -E p,i correlation with z -E iso and E p,i -E iso correlations. To confirm that, we investigated a possible evolution of E p,i -E iso correlation with redshift for type II bursts (see Section 3.4).
3 THE E P,I -E ISO CORRELATION
Fitting the correlation
The E p,i -E iso diagram constructed for different subsamples (regular type I bursts, I+EE bursts, regular type II bursts, II+SN bursts) is presented at Fig. 2 .
To confirm the existence of correlations we calculate the Spearman rank-order correlation coefficients (ρ) and the associated null-hypothesis (chance) probabilities or P ρ values (Table 3) . For whole type I and type II samples correlation parameters are ρ = 0.80 (P ρ = 4.6 × 10 −11 ) and ρ = 0.77 (P ρ < 1 × 10 −50 ), correspondingly, indicating a strong correlation for both samples. The correlation for type I bursts was confirmed for the first time with such high probability level. A strong correlation is also found for II+SN subsample (ρ = 0.73 and P ρ = 8.8 × 10 −8 ), while the correlation of I+EE subsample is not highly significant (ρ = 0.83 and P ρ = 1.7 × 10 −3 ), due to the small number of events.
The correlation is characterized by the "intrinsic" scatter for all subsamples: the observed scatter of the correlation is sufficiently larger than the other one connected with statistical errors only (see e.g. Heussaff et al. 2013; Tsvetkova et al. 2017) . The intrinsic scatter dominates on the statistical one for the brightest bursts (see e.g. type II bursts with E iso > 10 54 erg at Fig. 2 ). Its presence is confirmed by the χ 2 red 1. The nature of the intrinsic scatter is unknown, it could be connected with underestimated systematics (e.g. obtained during spectral fitting and determining of E p ) or with GRB progenitor features. It makes GRBs not standard candles, even when using the E p,i -E iso correlation for "standardizing" them.
To fit the correlation (equation (1)), we transform E p,i and E iso values to x = lg E iso 10 51 erg and y = lg 
Firstly, we use the
ing method, which introduces additional intrinsic scatter component σ int in the weights calculation (Tremaine et al. 2002) ). The method was used for the E p,i -E iso correlation fitting in Tsvetkova et al. (2017) . The intrinsic scatter σ int is estimated from the χ 2 red = 1 condition. Introducing σ int in the fitting changes results significantly comparing with σ int = 0 situation. We found the fit results with σ int to be similar with the fitting without considering errors at all. Indeed, introducing σ int equalizes the fit weights, it leads to significant weight decrease for bursts with high S/N. Despite the fact, that both σ x and σ y errors are included in the approximation, the method measures the deviation of the data against the model in direction parallel to the y axis. As a consequence, fit parameters change dramatically with x → y and y → x replacing (e.g. for the whole type II sample the power-law index changes from a = 0.35 ± 0.02 to a = 0.55 ± 0.03). Therefore, we do not use this method to fit the correlation.
We found York (York et al. 2004 ) and Deming (Deming 2011) approximation methods to be reliable, considering both σ x and σ y errors, not sensitive to x → y and y → x replacing. We used them both, because they give slightly different parameter values. As a final fit, used for further analysis, we suggest mean values of the fit parameters, a = 1 2 (a York +a Deming ) and b = 1 2 (b York +b Deming ). Corresponding parameter errors are calculated as σ a = σ 2
The approximation results
The approximation results are summarized in Table 3 and shown at Fig. 2 . Power-law indexes (a) of the correlation are found to be the same (within 1 σ) for all investigated subsamples, a 0.4, while b values differ significantly: the correlation for type I bursts is shifted up against the one for type II bursts. These features could be used in a blind GRB classification (see Section 4). The fact of similar power-law index value for both GRB types confirms results obtained in Zhang et al. (2018b) . Type I bursts with an extended emission and regular type I bursts follow the same correlation, possibly indicating the same progenitors and emission mechanism. We obtain similar results for type II bursts associated with Ic supernovae and for regular type II bursts.
One of possible explanations of the E p,i -E iso correlation is connected with viewing angle effects. In the model, the value of the power-law index depends on the structure of the ejecta: e.g. Levinson & Eichler 2005; Pozanenko et al. 2018) . The derived value of the power-law index, a 0.4 is close to the cone relativistic jet emission. The same power-law index for both GRB types can indicate the same structure of the jet for both GRB types.
In the model of connection of E p,i -E iso correlation with viewing angle effects, bursts observed close to axis are brighter and harder, placed at top-right in the E p,i -E iso plane, while the bursts seen off-axis are placed in bottom-left of the plane. GRB 170817A, associated with gravitational wave event GW 170817, is the principal candidate for an off-axis burst, being the faintest GRB with E iso < 10 47 erg (Fig. 2) . Several signs of observing this burst at a large angle to the jet axis were actually discovered, supporting the viewing angle model. One can mention the absence of the X-ray afterglow at early stages and a powerful kilonova component in optical range, comparing with a standard optical a power-law like afterglow emission (e.g. Pozanenko et al. 2018 ).
Outliers of the correlation for type II bursts
Three type II bursts are found to be placed outside a 3 σ cor correlation region: GRB 980425B, GRB 031203A, and GRB 171205A. We consider them as outliers of the correlation. The σ cor corresponds to the "real" scatter of the correlation, representing both statistical and intrinsic scatter and estimated as empirical standard deviation of the points from the correlation:
We also fit the E p,i -E iso correlation for type II bursts sample and its subsamples with outliers excluded and find the parameters of the correlation to be similar (within 1 σ) with ones obtained for subsamples with outliers included.
All three bursts are known outliers and are placed above the E p,i -E iso correlation. Their peculiarity is still a subject of debate (e.g. Ghisellini et al. 2006; Daigne & Mochkovitch 2007; Nava et al. 2012; D'Elia et al. 2018) , with the following possible interpretations: 1) a normal (intrinsically bright) gamma-ray burst seen off-axis, 2) the burst with different emission mechanism, or 3) an intrinsically weak gamma-ray burst seen on-axis through a scattering screen. These bursts are among the faintest over the investigated type II sample, having E iso ≤ 10 50 erg. Excluding them, there are only two type II bursts with E iso ≤ 10 50 erg, both are X-ray flashes (XRFs), GRB 020903 and GRB 060218. It leads us to several questions, which should be answered in future works. 1) How is the sample of the faintest (E iso < 10 50 erg) and closest as a consequence (z ≤ 0.1) bursts biased? 2) Do the closest bursts (z ≤ 0.1) belong to the different progenitor population? 3) Do the faintest bursts have a different emission mechanism?
To conclude, the nature of the outliers and the behavior of the correlation for the faintest type II bursts (E iso < 10 50 erg) remain unresolved. Increasing the sample of the faintest bursts could shed light on a problem.
3.4 The evolution of the E p,i -E iso correlation with redshift for type II bursts
The extensive sample of type II bursts (275 events) allows us to investigate the evolution of the E p,i -E iso correlation. We formed five subsamples (z 1z 5 ). The E p,i -E iso correlation for z 1z 5 subsamples and corresponding power-law fits are presented in Fig. 3 and summarized in Table 3 . We do not detect the significant evolution of the correlation with the redshift. All subsamples have similar (within 1 σ) power-law index, a 0.4. It indicates, that the correlation is not connected with selection effects and confirms negligible selection effects in measuring of E p,i , discussed in Section 2.2.4. Figure 3 . The E p,i -E iso correlation for five subsamples of type II bursts (magenta is for z 1 subsample, bluez 2 , greenz 3 , orange z 4 , redz 5 ). Redshift intervals for the subsamples are shown in the legend. Uncertainties for E iso and E p,i are presented at the 1σ significance level. Corresponding fits for the whole sample (black line) and for the subsamples (colored lines) are shown.
NEW CLASSIFICATION SCHEME
The motivation of introducing new classification scheme is connected with phenomenological differences between type I and type II bursts, discussed in the paper.
Classification parameters EH and EH D
The E p,i -E iso correlation for type I bursts sample is found to be well-distinguished from the one constructed for type II bursts and has a similar power-law index value, E p,i ∼ E 0.4 iso (Fig. 2) . Therefore, it can be used for a blind classification of GRBs: the distribution of burst deviations from the power-law dependence E p,i ∼ E 0.4 iso should be bimodal. The deviation could be measured by the parameter E H ("Energy-Hardness") -the combination of E p,i and E iso parameters (Equation 2). Type I bursts are harder (higher value of Ep,i) and fainter (lower value of Eiso) than type II ones in general, therefore they are characterized by a higher value of EH parameter. The E p,i value alone is analogous to the commonly used hardness ratio (HR) parameter.
The second proposed classification parameter follows the bimodal nature of duration distribution: type I bursts are shorter than type II ones. Although T 90,i value is highly affected by selection effects and some intrinsic properties, it can be a good additional classification indicator.
The T 90,i -E H diagram is presented at Figure 4 . Type I bursts are placed at the top left on the diagram being short hard and faint, comparing with type II bursts. The separation of the clusters is not satisfactory, when using only T 90,i (separation, parallel to y-axis) or E H (separation, parallel to x-axis) parameters. Good separation is reached with the dashed line, E H ∼ T 0.5 90,i . Therefore, we can modify the E H parameter by including the duration T 90,i into a consideration and obtain the second classification parameter, E HD ("Energy-Hardness-Duration", equation 3). Purely phenomenological, E HD parameter results in the best separation of type I bursts from type II ones.
Dividing the E H parameter by T 0.5 90,i for type II bursts, having T 90,i 1 s, leads to lower values of E HD for them and better separation from type I bursts.
The investigation of a physical meaning of EH and EHD parameters is beyond the scope of the paper, but they might be due to principal differences of progenitors: e.g., central engine of type I bursts could generate harder emission with higher Lorentz factor, but operate for shorter time, comparing with type II bursts.
Testing the reliability of different classification schemes
To investigate the reliability of the GRB classification, based on observational parameters E H, E HD and T 90,i , we analyze corresponding parameter distributions, presented at Fig. 5 .
Fitting the distributions
We perform a blind approximation of distributions. It suggests the approximation of the total (type I + type II samples) parameter distribution by sum of two functions, representing two types of bursts. The duration (T 90,i ) distribution is fitted in a logarithmic scale by sum of gaussian and skewed gaussian (equa- tion 4), representing type I and type II bursts, correspondingly. Using skewed gaussian instead of regular gauss function for type II burst mode is connected with deformation of the distribution at the left side (large T 90,i values) probably due to several selection effects, discussed earlier (see Section 2.2.2). We fix the skew parameter in the fitting, α = -1.5. The equation 4 with α = 0 corresponds to the regular gaussian. The possibility of using skewed gaussian to fit duration distribution is also discussed e.g. in Tarnopolski (2016) . Other distributions (E H and E HD) are fitted by sum of two regular gaussians (α = 0) in a logarithmic scale. Fit results are summarized in Table 4 and shown in Fig. 5 .
Testing the different classification methods reliability
Traditional GRB blind classification method, based on the duration distribution in the observer frame, uses the position of the distribution minimum, observed at T 90 ∼ 2 s (e.g. Kouveliotou et al. 1993 ). In the rest frame the position of the minimum is shifted towards short durations (T 90,i distribution). It is close to the intersection point (dashed vertical line at Fig. 5 , left) of individual modes of two burst types (blue and red dashed curves at Fig. 5, left) . The intersection point is placed at T 90,i = 0.7 s in our sample. We use the intersection point as the separation line in a blind classification for all investigated distributions. As seen at Fig. 5 , modes representing type I and type II samples in the duration distribution, are highly overlapped.
The intersection point is placed at a half of the height of type I distribution, the contribution of type II mode is significant down to T 90,i ∼ 0.2 s. We can estimate the distributions overlap numerically by calculating the portion of the type I (type II) bursts with T 90,i larger (smaller) than the intersection value (0.7 s), using the corresponding model functions derived in the blind fitting procedure (Table 4 ). While the most of type II bursts (97.7 %) are within the interval T 90,i > 0.7 s, more than 12 % of type I bursts are outside the T 90,i < 0.7 s region. These values correspond to the expected portion of falsely classified bursts. It makes the reliability of T 90,i based classification low.
To check the reliability of the T 90,i based classification method, we perform a blind classification of bursts from our sample. 9 type I bursts (20 % of the sample) and 3 type II bursts (1 % of the sample) are classified falsely, having T 90,i larger or smaller than 0.7 s, correspondingly ( Table 5 ). The portion of falsely classified bursts roughly follows the expected value, based on the overlap of the distribution. I+EE bursts are the most significant outliers in the duration distribution with GRB 060614A being the "leader" (T 90,i = 4.4 s).
We perform the same analysis for E H and E HD distributions. The results are summarized in Table 5 . The E H distribution gives better results, comparing with the T 90,i one. The separation point is placed at E H = 3.3, which gives comparable overlapping: 12 % of type I and 1.1 % of type II bursts are placed beyond the separation point. 9 type I bursts and 4 type II bursts are falsely classified using E H-based blind classification scheme. The most significant outliers in type II sample are known outliers of the E p,i -E iso correlation (GRB 980425B, GRB 031203 and GRB 171205A, see Section 3.3). Among 9 type I bursts, falsely classified, only GRB 060614A represents the subsample of I+EE bursts.
The best results are obtained for E HD distribution. The separation point is placed at E HD = 2.6 with almost negligible overlapping: 6.5 % of type I and 0.6 % of type II bursts are placed beyond the separation point. Only three type I bursts (GRB 050724A, GRB 060614A and GRB 131004A) are falsely classified using E HD-based blind classification scheme. All type II bursts are classified correctly.
GRB 050724A is classified correctly in E H-based (Table A) . Changing E p,i to 200 keV results in E HD = 3.4, making the burst to be from type I population.
Falsely classified in all three classification schemes GRB 060614A is a known outlier, demonstrating observational features of type II bursts, except the absence of supernova component (e.g. Gehrels et al. 2006 ). Nevertheless, it probably belongs to I+EE population, confirmed by a marginal detection of a kilonova emission, characteristics of type I bursts (Yang et al. 2015) . The possible solution of its peculiarity is discussed in the Section 4.3.
GRB 131004A is also classified falsely in all three classification schemes, but the discrepancy is not highly significant. The E p,i value was not measured precisely (E p,i = 202 ± 51 keV), so the false classification could be accidental. Therefore, we can not exclude the burst as the type I one.
As was mentioned before, GRB 170817A (the first gamma-ray burst associated with gravitational waves) is placed in the middle of the overlap region of hardness ratio and duration distributions (e.g. Goldstein et al. 2017) , confusing its blind classification. But the burst is clearly classified as the type I burst in our both, E H and E HD classification methods, emphasizing their high reliability.
To conclude, E HD-based classification method is the most reliable one for a blind classification of GRBs. The values of E H and E HD parameters along with the GRB type based on the corresponding blind classification are presented in Table A for all bursts.
Using EH D-based classification scheme for GRBs with no redshift
Although E HD-based classification gives the most reliable results, it is based on redshift and E p values, which are obtained for a very small portion (< 10 %) of observed gammaray bursts. Let us investigate the dependence of E H and E HD parameters on redshift.
The trajectory of GRB 060614A on T 90,i -E H diagram, as a function of redshift in the interval z = (0.01, 10), is shown by a black curve in Fig. 6 . The measured redshift for the burst (z = 0.1254) corresponds to the cyan square symbol and characterizes the burst as the type II one. The trajectory crosses the classification line (E HD = 2.6, dashed line at Fig. 6 ) at z 0.03. So, the burst could be classified as the type I one, if z < 0.03.
It is possible, that redshift of GRB 060614A is determined wrong. It is measured only for a supposed host galaxy, placed 0.5 from the burst optical counterpart. The estimated chance probability of the observed offset between the GRB and the galaxy ranges from P = 2 × 10 −5 in Gehrels et al. (2006) to P 0.01 in Cobb et al. (2006) . So, the association of the burst with the galaxy could be accidental, and the burst could be placed in outskirts of other nearby galaxy with z < 0.03. This suggestion is also supported by unusually high mass of ejecta of detected kilonova for the event, estimated for z = 0.125 (Jin et al. 2016; Tanaka 2016) . Placing the burst at lower redshift eliminates the peculiarity.
We investigated the change of the trajectory on T 90,i -E H diagram, varying the shape of the GRB gamma-ray spectrum, and found only marginal change, following from the k-correction. Two another trajectories, representing famous type I GRB 170817A and type II GRB 130427A bursts, demonstrate the similar behavior (Fig. 6) .
The blue curve, constructed for GRB 170817A, lies above the separation line E HD = 2.6 in the whole considered range of redshift. Therefore, the burst can be classified as the type I one, even if the redshift is unknown. The closest point of the curve to the separation line is placed at z 1.1, shown by plus symbol at Fig. 6 . To conclude, if the value of E HD parameter is greater than 2.6 (the separation value) at z = 1.1 for the investigated burst, one can classify it as the type I burst.
The red curve, constructed for GRB 130427A, is placed below the separation line at any considered redshift, indicating the burst to be from the type II population. So, if the value of E HD parameter is less than the separation value at the bounds of the considered redshift (z = 0.01 and z = 10 in our case), we can classify the burst (with no redshift measured) as the type II one.
In the intermediate region (e.g., as for GRB 060614A), when the trajectory crosses the separation line, we can not perform the classification, but we can restrict the possible redshift range of the source, if we know exactly the type of the burst from some other observational features (e.g. the absence of supernova and the presence of kilonova, as for GRB 060614A).
Comparison with several other classification
methods based on combinations of E p , E iso and T 90,i
Attempts of using the combination of E p , E iso , T 90,i parameters and Amati relation as classification discriminators were made in several papers (e.g. Lü et al. 2010; Qin & Chen 2013; Zhang et al. 2018b; Shahmoradi & Nemiroff 2015; Zou et al. 2018; Pozanenko et al. 2018 ). Below we briefly compare the several classification schemes. Lü et al. (2010) introduced a new classification parameter = E iso,52 /E k p,i,2 , which showed a clear bimodal distribution for k = 5/3. The value of power-law index k was not based on Amati relation and any other theoretical assumption, it was chosen just to minimize the dependence of on redshift.
The parameter is somewhat analogous to our E H parameter, being the power-law-like combination of E p and E iso parameters. As pointed out in Lü et al. (2010) , it is not obvious physically why the parameter (corresponding to k = 5/3) gives a cozy classification scheme. In that sense, the E H parameter has an advantage of being a direct consequence of Amati relation, although the nature of the Amati relation itself is still questionable.
The parameter gives analogous to the E H parameter (but worse comparing with the E HD) reliability of corresponding blind classification scheme, although the "problematic" GRB 060614A was classified correctly using -based scheme. We should note, values of E p and E iso parameters for several common bursts, presented in both, our and Lü et al. (2010) samples differ significantly (e.g., for GRB 051221A and GRB 060801A). The reason of that discrepancy is not clear, the samples from both papers are mostly compilations of other papers. Qin & Chen (2013) suggested the classification scheme, based directly on the E p,i -E iso correlation. They used the distribution of logarithmic deviation from the correlation of type II bursts σ = lg E p,ilg 94 -0.57lg E iso to estimate the separation value. The deviation σ was firstly introduced in Amati (2006) to calculate the dispersion of the correlation of type II bursts. The classification method and the parameter σ are analogous to our E H scheme (σ ∼ lg E H), except the power-law index value of Amati relation, which is a = 0.57 in Qin & Chen (2013) and a = 0.4 in our analysis. The discrepancy of power-law indices is connected at least with the difference of the samples: our sample contains three times more type I bursts and almost twice times more type II bursts. As we have shown in Section 3.1, fit parameters of the correlation also depend on the method used, which could be another reason of the discrepancy.
In Shahmoradi & Nemiroff (2015) the classification parameter R = E p /T 90 was proposed as least affected parameter by the detection threshold of gamma-ray detectors. It was also suggested, that the two GRB types are most distinctively separated in the E p -T 90 plane. We check the classification scheme, based on the R parameter and its intrinsic equivalent (R i = E p,i /T 90,i ) for GRBs from our sample and found it to be similar with regular duration-based classification scheme. The result is connected with the fact, that the distributions of E p and E p,i for type I and type II GRBs are significantly overlapped with minor differences and give only marginal improvement in R-based scheme comparing with the duration-based one. But if we use instead of the E p,i parameter the combination of E p,i and E iso parameters, following the bimodal nature of E p,i -E iso correlation, we obtain the E HD
parameter, giving the best separation of the type I / type II bursts of our sample.
CONCLUSIONS
We construct and investigate the most extensive (at the moment) sample of 45 type I and 275 type II gamma-ray bursts with a known redshift (both spectroscopic and photometric) and E p . We discuss several selection effects, leading to the evolution of T 90,i , E iso and E p,i parameters with redshift. We confirm strong E p,i -E iso correlation for both types of bursts. The correlation for type I bursts is found to be well-distinguished from the one for type II bursts and has similar power-law index value, E p,i ∼ E 0.4 iso . It possibly indicates the same emission mechanism for both types.
Three possible outliers from the E p,i -E iso correlation for type II subsample are confirmed: GRB 980425B, GRB 031203A and GRB 171205A. They represent the subsample of the faintest type II bursts with E iso < 10 50 erg. The nature of their peculiarity and the behavior of the correlation at E iso < 10 50 erg remain unresolved. Increasing the sample of the faintest bursts could shed light on a problem.
We show that type I bursts with an extended emission and regular type I bursts follow the same correlation. It possibly indicates the same progenitor type for both subsamples of type I bursts. Nevertheless, I+EE bursts possibly form a separate sub-class of type I bursts, which is indicated by the features of redshift and duration distributions.
The same E p,i -E iso correlation behavior is also obtained for type II bursts with associated Ic supernovae and regular type II bursts, while the redshift, E p,i and E iso parameters distributions show significant differences. They are interpreted as strong selections effects, connected with observational constraints on supernova detection at a high redshift. It possibly indicates the same progenitor type for both subsamples of type II bursts, leading to the suggestion, that all type II bursts are accompanied by Ic supernovae.
The significant evolution of the E p,i -E iso correlation with redshift for type II bursts is not found. It confirms the weak selection effects on the correlation.
Using the E p,i -E iso correlation, we suggest two new classification methods by introducing two parameters, E H and E HD, representing the combination of the E p,i , E iso and T 90,i parameters. E HD parameter is found to be the most reliable one for the GRB classification. It also can be used to classify bursts with no redshift or to estimate their redshift. 
